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Ozone is a photochemically generated pollutant that can cause 
acute pulmonary inflammation and induce cellular injury and may 
contribute to the development or exacerbation of chronic Lung 
diseases. Despite extensive investigation, the mechanisms of ozone 
and oxidant-induced cellular injury are still uncertain. Ozone has 
been reported to cause the formation of aldehydes in biological 
fluids that could explain many of the cellular effects caused by 
ozone. One of the most toxic aldehydes formed during oxidant- 
induced lipid peroxidation is 4-hydroxy-2-nonenal (HNE). HNE 
reacts primarily with Cys and secondarily with Lys and His amino 
acids, altering protein function and forming protein adducts that 
can be detected using specific adducts. In this study, we investi¬ 
gated whether ozone could cause the formation of HNE by 
assaying for HNE-protein adducts in cells isolated by lung lavage 
from C3H/HeJ mice exposed to 2.0 and 0.25 ppm ozone for 3 hr. 
Since oxidative stress and HNE have been shown to cause 
apoptosis we also examined the lung lavage cells for evidence of 
apoptosis following ozone exposure. Using a specific polyclonal 
antibody against HNE-amino acid adducts, two principle HNE- 
protein adducts were detected by Western analysis in cells ob¬ 
tained after ozone exposure at approximately 86-90 and 32 kDa. 
In addition to cell necrosis, apoptosis of lung cells was significant 
3 hr after ozone exposure as detected using a Cell Death ELISA 
procedure and confirmed with DNA ladder and morphological 
analysis. The apoptotic cell injury peaked at 6 hr postexposure 
and decreased by 24 hr. Taken together, these results demonstrate 
that HNE is formed in vivo following ozone exposure and HNE 
appears to form specific protein adducts in lung cells. Further¬ 
more, ozone can cause lung cell injury by an apoptotic mechanism 
in addition to a necrotic mechanism. Since HNE is toxic to ceils 
and is formed as a result of ozone expo sine, it may contribute to 
tlte lung cell injury following ozone exposure. © lose Academic 

Press, Inc. 


Ozone is one of the most reactive pollutants to which 
humans are routinely exposed. The functional, biochemical, 


and cellular effects' of ozone exposure in humans, animal 
models, and in vitro systems have been reviewed (Devlin et 
at, 1991; Wright et al., 1990). A number of studies have 
demonstrated that acute exposure to ozone produces in¬ 
flammatory responses and cell damage in the epithelium of 
the nasal cavity (Bhalla et al., 1986; Harkema et al, 1987), 
bronchi (Wilson et al., 1984), and small conductive airways, 
particularly in the terminal airways near the gas exchange 
region of the lung (Chang et al, 1992; Koren et al, 1989). 
In vivo ozone exposure has also been shown to affect the 
number and morphology of alveolar macrophages (AM) 
(Driscoll et al., 1987; Gilmour et al, 1991; Hotchkiss et al, 
1989; Pendino et al., 1994; Victor, 1992), and decrease their 
capability to defend the alveoli and distal airways against 
inhaled particles and pathogens (Gilmour et al, 1993b; Gil¬ 
mour and Selgrade, 1993; Jakab and Hemenway, 1994; Lov- 
eren et al, 1988; Polzer et al, 1994). In addition to its acute 
effects, chronic ozone exposure may contribute to significant 
long-term pulmonary changes, such as interstitial fibrosis 
(Last et al, 1993; Reiser et al, 1987; Vincent et al, 1989). 
Although all these effects are well defined, the molecular 
mechanisms involved in acute oxidant lung injury remain 
unclear. 

Pryor (1986) proposed that ozone injury may be mediated 
in part by aldehydes that axe formed by ozone-induced per¬ 
oxidation of polyunsaturated fatty acids (PUFA) in lung lin¬ 
ing fluid (LLF) and lipophilic regions of the cells. Consistent 
with this suggestion, it has been shown from in vitro studies 
that aldehydes are reaction products when PUFA from LLF 
undergo ozonation (Pryor and Church, 1991; Pryor et al, 
1991b), Although a large number of aldehydes can be formed 
during PUFA peroxidation, three aldehydes have been exten¬ 
sively investigated as physiologically relevant lipid peroxi¬ 
dation products (4-hydroxy-2-nonenal (HNE), 4-hydroxy- 
2-hexenal, and malonaldehyde) (Esterbauer et al, 1991). 
Among these aldehydes, HNE is a major metabolite and 
the most toxic product of lipid peroxidation that has been 
identified (Esterbauer et al, 1986). HNE originates from 
peroxidation of arachidonic and linolenic acids contained in 
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the polar phospholipids and may be a reliable indicator of 
free radical-induced lipid peroxidation (Esterbauer et al., 
1991). HNE has been shown to be cytotoxic in a dose- 
dependent manner to a broad spectrum of cells and has been 
implicated in numerous forms of cell injury (Esterbauer et 
ah, 1991; Zollner et al, 1991). HNE concentrations below 
0.1 p m have been shown to stimulate neutrophil chemotaxis 
(Curzio et ah, 1990; Schaur etal, 1991), modulate adenylate 
and guanylate cyclase activity (Dianzani et al., 1989), and 
stimulate phospholipases (Rossi et al., 1990; Taher, 1993). 
Doses of HNE in the 1 to 100 p,M range cause different 
cytotoxic effects including genotoxic and carcinogenic ef¬ 
fects and cause cell death (Michiels and Remacle, 1991; 
VanWinkle et al., 1994). Recently, Li et al. (1996) demon¬ 
strated that HNE induced apoptosis in murine alveolar mac¬ 
rophages in vitro at 25—100 pM, but at higher concentrations 
HNE induced necrosis of alveolar macrophages. It has been 
proposed that HNE exerts these effects because of its high 
reactivity with biological molecules, preferentially with thiol 
compounds (GSH, cysteine) and proteins containing thiol 
groups to form thioether adducts that undergo cyclization to 
form hemiacetals (Danielson et al., 1987). HNE also reacts 
with other amino acid residues of proteins to form stable 
Michael-type adducts (Szweda et al., 1993; Uchida and 
Stadtman, 1993). 

Recently, Uchida et al. (1993), using a polyclonal anti¬ 
body against HNE-modrfied proteins, demonstrated the for¬ 
mation of HNE-modified proteins in oxidized hepatocytes. 
The formation of HNE-protein adducts has also been shown 
in the renal proximal tubules of rats treated with the renal 
carcinogen ferric nitrilotriacetate (Toyokuni et al, 1994). In 
the present study, we examined HNE-protein adduct forma¬ 
tion in lung lavage cells following in vivo ozone exposure, 
in order to estimate the relative importance of HNE in acute 
ozone injury. Furthermore, since oxidative stress has been 
implicated as a causative agent for cell apoptosis (Buttke 
and Sandstrom, 1994) and HNE has been shown to cause 
apoptosis (Li et al., 1996), we investigated lung lavage cells 
for apoptosis following ozone exposures. 

MATERIALS AND METHODS 

Animals. Male C3H/HeJ mice (Jackson Laboratories, Bar Harbor, ME), 
8-9 weeks old (approximately 20 g), were used in this study. Mice were 
housed in microisolators for at least 3 days to acclimate prior to exposure 
studies and given a standard dry laboratory diet. 

Exposure . Mice were exposed for 3 hr to 2.0 and 0.25 (±5%) ppm 
ozone using 0.75-m 3 portable Laskin-type stainless steel chambers (Wah- 
man, MD). Ozone was produced by passing pure medical-grade oxygen 
through an electrical ozone generator (OREC Model 03VI-O ozonator, 
Phoenix, AZ) and injected directly into the air stream just prior to entrance 
into the exposure chamber. The dzOne chamber was operated at negative 
pressure with respect to ambient conditions. The chamber air exchange rate 
was approximately 20/hr. The flow of ozone into the chamber was controlled 


by a flowmeter. The concentration of ozone in the chamber was monitored 
constantly using a calibrated ultraviolet monitor (Model 1003, Daslbi Envi¬ 
ronmental Corp., Glendale, CA) and automatically recorded with a strip- 
chart recorder. Teflon tubing was used to prevent loss of ozone. The calibra¬ 
tion of the ozone analyzer was verified at the EPA regional laboratory in 
Houston, Texas! 

For each exposure 18 mice were used. Three served as the control group. 
Groups of 3 mice were sacrificed immediately after exposure or at 1.5, 3, 
6, and 24 hr following exposure. The cells from each group of 3 mice were 
pooled and served as one sample (n = 1). The entire exposure protocol 
was repeated three times. Therefore, each observation represents n = 3, 
where each n is a pool of cells from 3 mice. For the studies of DNA ladder 
formation 8 control and 8 exposed mice were euthanized at one time point 
postexposure; cells from 8 mice were pooled for both the air and ozone 
groups. 

Bronchoalveolar lavage and sample preparation. Mice were anesthe¬ 
tized with 50 mg/kg sodium pentobarbital and exsanguinated by severing 
the dorsal aorta. Lungs were removed and lavaged 7 times with 0.8 ml of 
phosphate-buffered saline (PBS) solution (pH 7.2) and collected on ice. 
Total lung cells were recovered by centrifuging the lavage fluid at 500g 
For 10 min at 4”C. Cells were then resuspended in PBS and counted with 
a Coulter Counter (Coulter Electronics, Inc., Hialeah, EL). Cell viability 
was determined by trypan blue exclusion and was routinely greater than 
95% in control mice. At least 200 cells were counted for each group. 
Cells were then cytocentrifiiged onto glass slides (3 X lO 3 cells/slide) for 
differential staining with Diff-Quick (Fisher Diagnostics, Pittsburgh, PA) 
or fixed in cold absolute methanol for Wright Giemsa staining (Curtin 
Matheson Scientific, Inc., Houston, TX) and stored at 4°C. The remaining 
cells were centrifuged and solubilized in Laermnli sample buffer (2% SDS, 
10% glycerol, 60 mtl Tris-HCI, pH 6,8, 0.1 M DTT, 0.01% bromphenol 
blue) at 40 jul/10 6 cells, and samples were sonicated with an ultrasonifier 
cell disrupter (Model W-225, Heat Systems, Ultrasonic Inc., New York, 
NY) at room temperature for 30 sec and heated in boiling water for 5 min 
prior to storage at — 80°C. 

DNA fragmentation assays. For DNA ladder formation, genomic DNA 
was isolated from the lavage cells by using the DNA ISOLATOR (Genosys, 
Woodlands, TX) according to the manufacture’s protocol. The isolated 
genomic DNA was dissolved in TE buffer (10 mM Tris, 1 mM EDTA, 
pH 8.0), and 3'-end-labeJed with [n- 32 P]dCTP (ICN Pharmaceutical, Costa 
Mesa, CA) by incubation of 1 pg of DNA in 50 fi\ reaction buffer (50 mM 
Tris-HCI, pH 7.6, 10 mM MgCl 2 , 200 pM dATP, dGTP, dTTP, 1 p\ of [a- 
32 P]dCTP, 2 U of klenow) at 377: for 30 min. The [or- 32 P]dCTP-labeled 
DNA was mixed with 10 p\ of loading buffer (0.25% bromophenol blue, 
100 tom EDTA, 30% glycerol). Identical amounts of [a- m P]dCTP-Iabeled 
DNA (50 ng) were loaded onto a 2% agarose gel and run at 5 V/cm for 5 
hr in IX TAE buffer (40 mM Tris-acetate, pH 8.0, with 1 mM EDTA). The 
gel was dried at 60°C under vacuum in a gel drier and then exposed to X- 
ray film for detection of labeled DNA fragments. 

Cells were also processed and analyzed for apoptosis by the detection of 
the cytosolic histone-bound DNA fragments using the Ceil Death Detection 
ELISA kit (B oehringer Mannheim, Indianapolis, IN) according to the manu¬ 
facturer’s protocol. The assay is based on the quantitative sandwich-en- 
zyme-immunoassay principle using monoclonal antibodies directed against 
DNA and histone; 1 X 10 s cells from each sample were processed and 
5000 cells were used for each reaction. Results are reported as the average 
of triplicate assays performed for each sample. 

SDS-PAGE and Western analysis. Equal amounts of protein were 
loaded on sodium dodecyl sulfate (SDS)—polyacrylamide minigels (Bio- 
Rad). After electrophoresis for 45 min at 180 mA the protein was transferred 
to a nitrocellulose membrane (Amersham, Arlington Heights, IL) using a 
Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). After protein transfer, 
the nitrocellulose membrane was placed in blocking buffer [5% Blotto in 
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PIG. 1. HNE—protein adducts in murine Lung cells following in vivo exposure to 2.0 ppm ozone for 3 hr. HNE adducts were detected in lavaged 
lung cells by Western analysis as described under Materials and Methods. (A) Representative Western of HNE adducts following ozone exposure. Each 
lane contains pooled cells from three C3H/HeJ mice. Lane 1 represents controls at 3 hr following air exposure. Lanes 2—6 represent lung cells at 0, 1.5, 
3, 6, and 24 hr following ozone exposure, respectively. (B) The 32-kDa region of three separate Westerns was scanned and the densitometry results are 
presented as mean ± SEM of the integrated optical density (I.O.D.). The results show an increase in HNE adducts following ozone exposure. 


TNA buffer (10 dim Tris-HCl, 150 mM NaCl, pH 7.2)] for 16 hr at 4°C. 
After blocking, the membrane was incubated with primary antibody at 1:500 
dilution in 15 ml of 5% Blotto in TNA buffer for 16 hr at 4°C. The 
membrane was washed extensively with TBST (10 mM Tris-HCl, 150 mM 
NaCl, and 0.05% Tween 20, pH S.O) for 2 hr and incubated with secondary 
antibody at 1:15,000 dilution in TBST for 1.5 hr at room temperature. After 
washing for l.S hr with TBST, the membrane was exposed to enhanced 
chemiluminescence reagents (ECL) for 1 min followed by autoradiography 
(Hyperfilm ECL, Amersham) to visualize immunoblot signals. Relative 
densities of immunoblots were measured with a Shimadzu 9000 densito¬ 
meter. 

Materials. The HNE-specilic polyclonal antibody against rabbit HNE- 
keyhole limpet hetnocyanitt conjugate was kindly provided by Dr. Luke 
Szweda (Case Western Reserve University, Cleveland, OH) and is the same 
antibody described previously (Uchida et al, 1993; Szweda et al. 1993). 
Donkey anti-rabbit IgG conjugated to horseradish peroxidase secondary 
antibody was obtained from Amersham. HNE was obtained from Biomol 
(Plymouth Meeting, PA). Sources of all other chemicals and reagents were 
noted above. 

Statistical analysis. Statistical differences between exposure groups 
were determined by a one-way analysis of variance (ANOVA) followed by 
Student Neuman-Keuls tests. Values are reported as the mean ± SEM. 
Differences were considered statistically significant alps 0.05. 

RESULTS 

Ozone-Induced HNE-Protein Adducts 

The first experiments were to determine whether in vivo 
ozone exposure caused the formation of HNE-modified pro¬ 
teins in lung cells. As cun be seen from Fig. 1A, HNE— 
protein adducts were detected in lavaged lung cells follow¬ 
ing ozone exposure. Control cells have endogenous HNE- 
protein adducts, most likely as a result of basal formation 


of intracellular free radicals. Immediately following cessa¬ 
tion of ozone exposure there was a visible increase in HNE 
adducts associated with a protein at approximately 32 kDa 
and a second one at 86-90 kDa. The intensity of HNE 
adduct formation continues to increase with time and peaks 
at approximately 3 hr. Some adduct is seen at lower molecu¬ 
lar weight and migrates with the dye front; it could be degra¬ 
dation products of HNE adducts or very-low-molecular- 
weight adducts. Consequently, there appears to be some 
specificity in the formation and/or intensification of two pro¬ 
tein adducts in lung cells following ozone exposure. The 
bands on the Westerns corresponding to the 32-kDa adduct 
from the replicate experiments were scanned and the results 
are presented in Fig. IB- Similar to the results in Fig. 1A, 
the 32-kDa HNE-protein adduct increases following ozone 
exposure until approximately 3 hr postexposure. 

In order to determine whether HNE adducts could be de¬ 
tected at lower ozone exposures, mice were exposed to 0.25 
ppm ozone for 3 hr. Mice were euthanized 3 hr after cessa¬ 
tion of ozone exposure and HNE adducts examined in alveo¬ 
lar macrophages by Western analysis. As can be seen in Fig. 
2, an increase in HNE adducts was evident following ozone 
exposure including a protein at 32 kDa. Under these condi¬ 
tions, there was no evidence of inflammation. Consequently, 
even relatively low ozone exposures cause the formation of 
HNE adducts. 

Ozone-Induced Lung Cell Injury 

The time-dependent morphological changes that occur in 
the lung lavage cells after ozone exposure were also exam- 
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FIG. 2. HNE-protein adducts in murine lung cells following in vivo 
exposure to 0.25 ppm Ozone for 3 hr. HNE adducts were detected in lung 
cells lavaged 3 hr after ozone exposure by Western analysis, similar to Fig. 
1. Each lane contains pooled cells from three C3H/HeJ mice. Actin levels, 
detected by Western analysis are shown to demonstrate that the increase in 
the HNE adducts following ozone are not due to differences in cell loading. 


ined. Cytoplasmic degeneration and cell lysis were observed 
in AM after exposing mice to ozone for 3 hr at 2.0 ppm. 
Similar to other reports (Gilmour et al., 1993a; Gilmour and 
Selgrade, 1993) ozone exposure also resulted in polymor¬ 
phonuclear neutrophil (PMN) influx that was detectable 1.5 
hr after ozone exposure and peaked at 6 hr (Fig. 3). Desqua¬ 
mated epithelial cells were occasionally found in the lavage 
at 3 and 6 hr following ozone exposure (data not shown). 
The morphologic evidence of necrosis correlated with trypan 
blue exclusion data showing the maximum presence of ne¬ 
crotic cells from lavage at 1.5, 3, and 6 hr following ozone 
exposure (Fig. 4). 

Ozone-Induced Apoptosis of Alveolar Macrophages 

Although there was evidence of cellular necrosis follow¬ 
ing 2.0 ppm ozone exposure for 3 hr, we investigated 
whether cellular apoptosis was also occurring due to ozone- 
induced oxidative stress. Cells recovered from lung lavage 
(primarily alveolar macrophages) were undergoing apoptosis 
with typical nuclear condensation and fragmentation, cell 
shrinkage, and cytoplasmic condensation (Fig. 5). In order 
to confirm that the morphologic changes were due to 
apoptosis, Cell Death ELISA and DNA fragmentation assays 
were performed. The DNA of lung cells from ozone-treated 
mice had significant amounts of fragmentation at 6 hr after 
exposure as shown by DNA ladder formation (Fig. 6), con¬ 
sistent with apoptotic cell injury. It can also be seen from 
the Cell Death ELISA results that there was a significant 
increase in apoptosis at 3 and 6 hr following ozone exposure. 


as indicated by increases in cytosolic histone-bound DNA 
fragments in these cells (Fig. 7). 

Since PMN undergo rapid apoptosis (Blackwell and 
Crawford, 1992), it was not certain whether ozone was caus¬ 
ing apoptosis or whether the apoptosis was secondary to the 
PMN influx. Therefore, lung lavage cells from mice obtained 
immediately after cessation of ozone exposure (95% alveolar 
macrophages) were cultured for 3 hr at 1 X 10® cells/ml in 
1 ml Hepes-buffered Medium-199 (Gibco BRL) with 10% 
heat-activated fetal bovine serum (FCS, Sigma) and analyzed 
for evidence of apoptosis (Figs. 8 and 9). Since cells obtained 
at this time point contained no PMN (Fig. 3) the morphologi¬ 
cal appearance of apoptosis (Fig. 8) was due to ozone and 
not the PMN influx. Consistent with these results, it can be 
seen that there was a significant increase in apoptosis, de¬ 
tected by Cell Death ELISA, after the 3 hr of incubation 
following ozone exposure (Fig. 9). 

DISCUSSION 

This study demonstrates that exposure of C3H/HeJ mice 
to ozone resulted in the formation of HNE-modified proteins 
in lung cells. Following ozone exposure, two cellular pro¬ 
teins at approximately 32 and 86—90_kDa were detected 
with increased HNE adducts. The formation of two primary 



Time After Ozone Exposure (hr) 

FIG. 3. Ozone-induced PMN influx as a function of time following 2.0 
ppm ozone exposure for 3 hr. At each of the time points indicated the lung 
lavage cells from three mice were pooled and the number of PMN in each 
sample was determined by microscopic examination as described under 
Materials and Methods. There was a significant increase of PMN following 
exposure to 2.0 ppm ozone. *Significant at p =s 0.05 compared with the 
control group (n — 3). 
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FIG. 4. Ozone-induced decrease in lung lavage cell viability following 
3 hr 2.0 ppm ozone exposure. Cell viability was determined for a pool of 
cells from three mice, as soon as possible following lung lavage at each of 
the time points indicated, by trypan blue exclusion as described under 
Materials and Methods. The data indicate an increase in necrotic cells in 
lung lavage following 2.0 ppm ozone exposure. ^Significant at p 0.05 
compared with the control group (n <= 3). 


adducts implies some specificity in the formation of these 
adducts. The mechanism and significance of this apparent 
specificity are uncertain, but may have to do with the func¬ 
tion of the proteins, the number of exposed cysteine residues, 
and/or the intracellular location of the proteins. One potential 
candidate is an important intracellular antioxidant protein, 
heme oxygenase-1, that is also known as the 32-kDa stress 
protein (Keyse and Tyrrell, 1987). Whether heme oxy¬ 
genase-1 serves as a target for HNE remains to be deter¬ 
mined. A number of other stress proteins are in the range of 
86-90 kDa and could account for the other primary HNE- 
protein adduct. 

The presence of HNE-protein adducts immediately after 
ozone exposure and in the absence of any inflammation (e.g., 
0.25 ppm ozone) supports the hypothesis that HNE was 
formed as a result of lipid peroxidation of PUFA following 
ozone exposure. Whether the source of the PUFA is within 
the lipids of the lung lining layer or at the cell membrane 
cannot be determined from these studies. The hypothesis 
that diffusible toxic products such as HNE can originate 
from the peroxidative breakdown of PUFA is supported by 
several lines of research (Esterbauer et al, 1986, 1991). 

The amount of HNE-rtiodified proteins increased follow¬ 
ing cessation of ozone exposure and reached a peak at 3 hr 
for the 86- to 90-kDa protein, hut continued to increase for 


the 32-kDa protein up to the last time point examined (24 
hr). Since HNE may take some time to react with cellular 
proteins, this could contribute to the observed time course. 
HNE may also continue to be formed following cessation 
of ozone exposure by continued peroxidation and sustained 
PUFA breakdown, or contribution from inflammatory PMN. 
Our data indicated a PMN influx in bronchoalveolar lavage 
by 3 and 6 hr after ozone exposure. Since HNE in the range 
of 0.1—1 pM has been shown to be chemotactic for human 
and murine PMN leukocytes (Curzio et al, 1990; Schaur et 
al, 1991), it is possible that HNE formed initially during 
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FIG. 5. Morphologic evidence of alveolar macrophage apoptosis fol¬ 
lowing Ozone exposure. Representative photomicrographs of alveolar mac¬ 
rophages 3 hr following air (A) aiid ozone exposure to 2.0 ppm for 3 hr 
(B) stained with Wright Giemsa as described under Materials and Methods. 
Cytoplasmic and nuclear degeneration was observed in alveolar macro¬ 
phages from C3B/HeJ mice following exposure to ozone. Some cells 
(marked) appear apoptotic with nuclear and cytoplasmic condensation and 
cell shrinkage. Original magnification is 630X (dty) in bright field. 
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FIG. 6. DNA “ladder” formation in lung cells'following ozone expo¬ 
sure. DNA was isolated from pooled (eight mice for each lane) lung lavage 
cells recovered from mice 6 hr after exposure to air (ctr) or 2.0 ppm ozone 
for 3 hr and treated as described under Materials and Methods. A DNA 
ladder is evident in the lane containing cells obtained from ozone-exposed 
mice. The results demonstrate that DNA fragmentation occurred following 
ozone exposure, consistent with apoptotie changes in cells. 


ozone exposure would be sufficient to induce or contribute 
to the PMN influx. Furthermore, it has been reported that 
neutrophils contribute to the process of HNE formation dur¬ 
ing acute inflammation and are associated with the produc¬ 
tion of superoxide anion (Schaur et al., 1994). Therefore, it 
is possible that increased numbers of PMN recruited to the 
lung in ozone exposed mice release an increased amount of 
oxy-radicals that are able to initiate additional lipid peroxida¬ 
tion and HNE formation, which may explain the continued 
increase in the 32-kDa protein adduct. However, the result 
from the 0.25 ppm ozone exposure is consistent with the 
hypothesis that HNE can be formed in the absence of mea¬ 
surable inflammation. 

Although 3 hr of 2.0 ppm ozone exposure causes cell 
injury by a necrotic mechanism, this study indicated that 
ozone can also cause lung cell injury by an apoptotie mecha¬ 
nism. Apoptosis was evident from morphological examina¬ 
tion of cells and was consistent with results obtained by the 
Cell Death assay and by DNA ladder formation. Consistent 
with this observation, HNE has been shown to induce macro¬ 
phage apoptosis in vitro at ^ 100 concentrations, while 
higher concentrations result in cellular necrosis (Li et al.. 


1996). Since HNE was formed during ozone exposure it may 
account or contribute to the oxidative lung injury observed in 
this model. Since the mechanism by which HNE causes 
alveolar macrophages injury is dose dependent, it would 
suggest that low ozone concentrations would cause apoptosis 
in the absence of necrosis. In preliminary results, using a 
murine model, ozone exposures of 0.4 ppm for 3 hr caused 
apoptosis in the absence of necrosis (data not shown). 

Lung lavage cells obtained immediately after cessation of 
ozone exposure (that contained no PMN) also showed signs 
of apoptosis when cultured for 3 hr. The extent of apoptosis 
(see Figs. 7 and 9) was less in the cultured cells compared 
to cells isolated 3 hr postexposure. This may in part he 
explained by the fact that the cells have been exposed to 
less HNE since fewer adducts are evident (see Fig. 1). It is 
also possible that some protection may be provided by the 
culture medium. Nevertheless, these results support the hy¬ 
pothesis that apoptosis was induced by ozone exposure, re¬ 
quired time for the apoptotie process to occur, and was not 
a result of neutrophil infiltration alone. 

Since other toxic aldehydes are also formed during ozone 
exposure (Cueto et al., 1992; Pryor and Church, 1991; Pryor 
et al, 1991a,b; Rabinowitz and Basset, 1988), it is possible 
that HNE contributes to, rather than is solely responsible 



Time After Ozone Exposure (hr) 

FIG. 7. Detection of cytosolic histone-bound DNA fragments (indicat¬ 
ing apoptosis) in lung lavage cells following ozone exposure. Lung lavage 
cells were pooled from three mice, similar to Fig. 1, and examined for 
cytosolic histone-hound DNA fragments using a Cell Death ELISA assay 
as described under Materials and Methods. The results are expressed as 
O.D. There were significant increases in apoptosis 3 and 6 hr following 
ozone exposure as indicated by increases in cytosolic histone-bound DNA 
fragments in these cells. ^Significant at p =s 0.05 compared with the control 
group (n = 3). 
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for, tire cell injury. Consequently, it may be the combination 
of these reactive metabolites that causes lung injury, with 
HNE contributing significantly due to its high toxicity. 

This study primarily utilized a 2.0 ppm ozone exposure 
for 3 hr. Although this exposure condition does not reflect 
typical human ozone exposure, it can be used as a model of 
oxidative stress upon which to establish potential mecha¬ 
nisms of oxidative lung injury. Furthermore, since 0.25 ppm 
ozone exposure also caused formation of HNE adducts in 
alveolar macrophages it suggests that HNE can be formed 
over a wide range of exposures. Consistent with these obser¬ 
vations, Hamilton et al. (1996) have recently reported that 
human subjects exposed to 0.25 ppm for 1 hr also had an 
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PIG. 8. Photomicrographs of alveolar macrophages recovered immedi¬ 
ately after cessation of air (A) dr 2.0 ppm ozone for 3 hr (B) and cultured 
for an additional 3 hr. Cells were examined in a similar manner as described 
in the legend to Fig. 5. Nuclear condensation and cell shrinkage (marked) 
were observed in AM after ozone exposure. Original magnification is 630X 
(dry) in bright field. 
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FIG. 9. Detection of cytosolic histone-bound DNA fragments in lung 
lavage cells recovered immediately after ozone exposure and cultured for 
3 hr. Cell Death ELISA was used to quantitate cytosolic histone bound 
DNA fragments as described in the legend to Fig. 7 on cells cultured as 
described in the legend to Fig. 8. The results indicate a significant increase 
in apoptosis in cultured cells obtained from ozone-exposed mice compared 
to control. ^Significant at p =s 0.05 compared with the control group 
(« = 3). 


increase, in HNE adducts on alveolar macrophages and were 
also primarily on a 32-kDa protein. 

In summary, these results demonstrate that ozone in vivo 
induces the formation of HNE. In him, formation of HNE 
adducts with proteins that may be associated with apoptosis 
and necrosis reflects the relative pathogenic importance of 
HNE as a secondary toxic messenger for acute ozone injury. 
The formation of highly toxic intermediates such as HNE 
should provide insights for mechanisms to better understand 
ozone-mediated cell injury. The observation that ozone 
causes apoptosis of lung cells describes an additional type 
of cell injury that can occur following ozone exposure. 
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